Pyrazinamide is important in the treatment of tuberculosis. Unfortunately, the diagnosis of pyrazinamide resistance is hampered by technical difficulties. We hypothesized that mutation analysis combined with the mycobacterial growth indicator tube (MGIT) phenotypic method would be a good predictor of pyrazinamide resistance. We prospectively analyzed 1,650 M. tuberculosis isolates referred to our tuberculosis reference laboratory in 2008 and 2009. In our laboratory, the MGIT 960 system was used for pyrazinamide resistance screening. If a pyrazinamide-resistant strain was detected, we performed a pncA gene mutation analysis. A second MGIT 960 susceptibility assay was performed afterwards to evaluate the accuracy of the pncA mutation analysis to detect true-or false-positive MGIT results. We observed pyrazinamide resistance in 69 samples using the first MGIT 960 analysis. In a second MGIT 960 analysis, 47 of the 69 samples proved susceptible (68% false positivity). Sensitivity of nonsynonymous pncA mutations for detecting resistant isolates was 73% (95% confidence interval [CI], 61% to 73%), and specificity was 100% (95% CI, 95% to 100%). A diagnostic algorithm incorporating phenotypic and molecular methods would have a 100% positive predictive value for detecting pyrazinamide-resistant isolates, indicating that such an algorithm, based on both methods, is a good predictor for pyrazinamide resistance in routine diagnostics.
P
yrazinamide (PZA) is one of the key components of primary drug therapy against tuberculosis, especially when multidrug resistance has been diagnosed (28) . The first clinical report of its antituberculosis activity dates to 1952 (30) . The addition of pyrazinamide and rifampin to existing antituberculosis drug regimens has shortened the therapy duration from 9 to 6 months (31), and not using pyrazinamide is correlated with treatment relapse (12) . It is a unique antituberculosis drug because of its activity against slowly growing, semidormant bacilli in acidic environments (31) .
The enzyme pyrazinamidase plays a crucial role in the mycobactericidal effect of pyrazinamide. This enzyme is expressed constitutively in the cytoplasm of Mycobacterium tuberculosis (31) . Only after conversion of pyrazinamide into pyrazinoic acid by this enzyme is its deleterious effect on the tubercle bacilli expressed, by destabilizing the membrane potential and affecting membrane transport function (32) . Consequently, loss of pyrazinamidase activity leads to pyrazinamide-resistant tuberculosis bacilli (11) .
Nonsynonymous mutations in the gene encoding pyrazinamidase, the pncA gene, lead to the loss of pyrazinamidase activity and are the major mechanism in the development of pyrazinamidase resistance (19) . Mutation analysis could thus be used to indirectly assess susceptibility to pyrazinamide (3) . However, assessment of susceptibility based on pncA gene sequence analysis has its shortcomings. Mutations are highly diverse and are widely dispersed throughout the pncA gene, limiting the chances of successful development of simple screening methods, such as line probe assays. Furthermore, not all pyrazinamide-resistant M. tuberculosis isolates have mutations in this gene (9) . For instance, mutations in the rpsA gene, encoding ribosomal protein S1, have been described recently as a novel mechanism for pyrazinamide resistance (21) .
Phenotypic methods for testing susceptibility of M. tuberculosis to pyrazinamide remain the gold standard but also have their shortcomings. Both false-negative and false-positive resistance results are seen (18) . In our experience, false-positive resistance results (major errors) are seen most commonly. This observation has been noted by others also (4, 16) . In a study of susceptibility of 743 isolates tested using the Bactec MGIT 960 (mycobacterial growth indicator tube 960) method, Chedore et al. found that 42% of strains that tested as pyrazinamide resistant at first appeared to be in fact susceptible when the test was repeated (4). It is assumed that a large inoculum size impairs pyrazinamidase activity (13) and leads to false-positive cases of pyrazinamide resistance.
Because the gold standard-phenotypic pyrazinamide susceptibility testing-can be hampered by false-positive results and mutation analysis is not yet a validated alternative, diagnosis of pyrazinamide resistance remains difficult. We hypothesized that in routine diagnostics, mutation analysis added to culture-based methods might be a good predictor for pyrazinamide resistance. More specifically, based on the observation that susceptibility testing by the MGIT 960 method is mainly hampered by major errors, we hypothesized that nonsynonymous pncA mutations would be able to differentiate between true resistant and false resistant results.
MATERIALS AND METHODS
Setting. The National Institute for Public Health and the Environment (RIVM) is the national tuberculosis (TB) reference center in the Netherlands. It receives all primary Mycobacterium tuberculosis complex isolates from the Netherlands. Annually, around 1,000 TB cases are culture positive, and this is around 70% of all cases (23) . Both multidrug resistance (MDR) and pyrazinamide resistance are estimated to be present in around 1% of these culture-positive cases (27, 29) .
Drug susceptibility to pyrazinamide. Susceptibility to pyrazinamide was tested by the MGIT 960 method, according to the manufacturer's instructions (Becton Dickinson, NJ) (1). Briefly, a pyrazinamide susceptibility test was prepared with a positive 7-ml MGIT tube using a direct inoculum obtained 1 to 2 days after the positivity signal. Two 7-ml Bactec MGIT 960 PZA medium tubes were used. One hundred microliters of 8,000-g/ml pyrazinamide solution was added to one tube to achieve the recommended critical concentration of 100 g/ml (BD Diagnostics). A 0.5-ml volume of the seed inoculum was aseptically pipetted in this drug-containing tube. A drug-free control tube was inoculated with 0.5 ml of a 1:10 dilution of the seed inoculum. Tubes were placed in the MGIT 960 instrument and automatically read. Readouts were analyzed using the EpiCenter software package (24) . Mycobacterium tuberculosis isolates were considered pyrazinamide resistant if the MGIT 960 instrument gave concordant resistant results on two separate occasions.
Amplification and sequencing of the pncA gene.
The entire pncA open reading frame, as well as 133 bp upstream and 79 bp downstream, were amplified by PCR. Two overlapping amplicons, covering a 773-bp contiguous sequence (Fig. 1) , were generated using the primers described in Table 1 . PCR amplifications were carried out in a MBS 0.5S thermal cycler (Thermo Fisher Scientific, Waltham, MA). Each reaction mixture (50 l) contained 5 l of 10-ng/l template DNA, 25 l of HotStarTaq master mix (Qiagen, Hilden, Germany), 10 l MilliQ water (SigmaAldrich, Irvine, Ayrshire, United Kingdom), and 5 l of each primer (5 mM). The reaction mixtures were subjected to 15 min at 95°C, followed by 35 cycles of 60 s at 95°C for melting, 120 s at 60°C for annealing, 60 s at 72°C, and an elongation step at 72°C for 10 min. Unincorporated primers and deoxynucleoside triphosphates (dNTPs) were removed from the reaction mixtures using ExoSAP-IT (USB Corporation, Cleveland, OH) according to the manufacturer's instructions. Automated DNA sequencing was performed using BigDye Terminator chemistry according to the protocol supplied by the manufacturer (Applied Biosystems, Foster City, CA). All postrun analyses were performed using the Bionumerics software program, version 6.5 (Applied Maths, Sint-Martens-Latem, Belgium).
Genotyping. To assess potential associations between M. tuberculosis genotypes and pyrazinamide resistance, we performed IS6110 restriction fragment length polymorphism (RFLP) typing, spoligotyping, and mycobacterial interspersed repetitive units-variable number of tandem repeats (MIRU-VNTR) typing of all isolates using previously published methods (10, 25, 26) .
RESULTS

Study design.
To answer our research question, we first determined the diagnostic accuracy of nonsynonymous pncA mutations for detecting pyrazinamide-resistant isolates in general. We retrospectively extracted from our database all M. tuberculosis isolates with both MGIT 960 data and pncA data from 2007 (Table 2) . Mycobacterium bovis isolates were excluded since they are exclusively pyrazinamide resistant and carry only one specific pncA gene mutation. The year 2007 was selected because in that year both MGIT 960 and pncA gene mutation analyses were performed simultaneously in routine diagnostics. Moreover, MGIT 960 analyses were repeated when resistant strains were found, to minimize false-positive results.
We next asked whether nonsynonymous pncA gene mutations could be used to distinguish between true-resistant and false-resistant MGIT 960 results. To answer this second research question, we prospectively analyzed all M. tuberculosis isolates sent for resistance testing to our laboratory in 2008 and 2009. Again, M. bovis isolates were excluded. This second study was set up as a pragmatic laboratory-based study using a diagnostic algorithm close to routine clinical practice. In our laboratory, the MGIT 960 analysis was used for pyrazinamide resistance screening. If a pyrazinamide-resistant strain was detected, we performed a pncA gene mutation analysis. A second MGIT 960 susceptibility assay was performed afterwards to evaluate the accuracy of the mutation analysis to detect trueor false-positive MGIT results (Fig. 2) . Diagnostic accuracy of nonsynonymous pncA mutations for detecting pyrazinamide-resistant isolates. We first determined the diagnostic accuracy of nonsynonymous pncA mutations for detecting pyrazinamide-resistant isolates in general. We collected 166 isolates from 2007, 159 susceptible isolates and 7 pyrazinamide-resistant isolates (Table 2 ). In 159 susceptible isolates, 4 nonsynonymous pncA mutations were observed (Table 3) . We performed both the MGIT 960 analysis and the pncA mutation analysis two times to confirm these results. In 7 resistant isolates, 6 nonsynonymous mutations were seen, 4 of which were identical, but these were different isolates from the same patient (Table 3) .
The sensitivity of the nonsynonymous pncA mutation in detecting pyrazinamide-resistant isolates was 86% (95% confidence interval [CI], 53% to 97%), and the specificity was 98% (95% CI, 96% to 98%). The positive predictive value of the nonsynonymous pncA mutations in detecting pyrazinamide resistance was 60% (95% CI, 37% to 68%), and the negative predictive value was 99% (95% CI, 98% to 99%). The positive likelihood ratio was 34.1 (95% CI, 13.5 to 48.6), and the negative likelihood ratio was 0.15 (95% CI, 0.03 to 0.5). The overall accuracy of nonsynonymous pncA mutations for predicting pyrazinamide resistance in M. tuberculosis isolates was high (97% [95% CI, 94% to 98%]).
Predicting a true or false-positive pyrazinamide-resistant 960 MGIT result using mutation analysis. We next examined whether nonsynonymous pncA mutations could distinguish between true-and false-positive resistant MGIT 960 results. To answer this question, we prospectively analyzed all M. tuberculosis isolates sent for resistance testing to our laboratory in 2008 and 2009.
During 2008 and 2009, 1,650 M. tuberculosis isolates were sent for resistance testing to our laboratory. We observed pyrazinamide resistance in 69 out of 1,650 samples after the first MGIT 960 analysis. However, in the second MGIT 960 test, 47 of the 69 samples proved susceptible and 22 were confirmed to be resistant, indicating a false-positive rate of 68% in the first MGIT 960 test. Sensitivity of the nonsynonymous pncA mutation in detecting pyrazinamide true-resistant isolates was 73% (95% CI, 61% to 73%), and specificity was 100% (95% CI, 95% to 100%). The positive predictive value of the nonsynonymous pncA mutation in detecting pyrazinamide resistance was 100% (95% CI, 85% to 100%), and the negative predictive value was 89% (95% CI, 84% to 89%). The overall accuracy of nonsynonymous pncA mutations for detecting pyrazinamide-resistant isolates was 91% (95% CI, 84% to 92%).
Pyrazinamide-resistant cases in the Netherlands. Twentytwo isolates from 15 patients from 2008 and 2009 were pyrazinamide resistant; their baseline characteristics, MIRU-VNTR typing results, drug susceptibility profiles, and pncA sequence analyses are described in Table 4 . A wide variety of mutations was seen, and one mutation was observed in the putative promoter region (patient NLA000801739). Some of the strains had the same types of mutations but different MIRU-VNTR patterns, indicating that they were truly different strains that had coincidently acquired the same type of mutation. For example, strains from patients NLA000800922 and NLA000800620 had the same mutation of His71 ¡ Gln, yet MIRU-VNTR analysis indicated that they were different M. tuberculosis strains. Interestingly, 5 patients had pyrazinamide-resistant isolates that did not carry any pncA mutation, either in the gene itself or in the putative pncA promoter region. Isolates from three of these patients were in fact pyrazinamide monoresistant (NLA000800519, NLA000901231, and NLA000801755). We performed both the MGIT 960 analysis and the pncA mutation analysis three times to confirm these results. MIRU-VNTR analysis indicated that these were all different strains (Table 4) .
Genotype family of pyrazinamide-resistant cases. Since we found unusual pyrazinamide-monoresistant cases, we wondered whether the respective M. tuberculosis isolates were clustered in certain genotype families. We therefore determined the genotype family of all resistant isolates (Fig. 3) . One spoligotype was not available (patient NLA000801926). Although a relatively high percentage of the Beijing genotype (5 out of 15; 33%) was noted in this sample, no specific genotype family clustering was seen among the pyrazinamide-(mono)resistant cases (Fig. 3) .
DISCUSSION
This study shows that mutation analysis added to culture-based methods is a good predictor for true pyrazinamide resistance in routine diagnostics. In our first experiments, we found that DNA sequencing may strongly rule out pyrazinamide resistance (Table  2 ). In our second experiment, we have shown that in a series of 69 isolates found resistant in the first instance by the MGIT 960 system, 68% were false positive for resistance and nonsynonymous pncA mutations could identify these false-positive results correctly (Fig. 2) . Moreover, a combination of the MGIT 960 and mutation analyses could correctly identify pyrazinamide-resistant cases (Fig. 2) .
Our study has some important strengths. First, we validated our results by retesting discordant pyrazinamide results, thereby minimizing major errors. Second, it was set up as a pragmatic trial enabling direct applicability of our diagnostic algorithm in everyday clinical diagnostics in a variety of settings.
Our results extend our knowledge of the role of molecular methods in the diagnosis of pyrazinamide resistance. The first studies on the association of pncA mutations and pyrazinamide resistance found mutations in up to 97% of pyrazinamideresistant cases (8, 20) . However, these were mainly selected pyrazinamide-resistant cases with a high MIC. Subsequent studies have shown a lower prevalence of pncA mutations in pyrazinamide-resistant cases (2, 9) . We also found a lower prevalence of nonsynonymous pncA mutations (67% of isolates). Given our experimental setup, our results may better reflect pyrazinamide-resistant cases found in the daily routine in a country with a low prevalence of pyrazinamide resistance. Zhang and Mitchison have argued that such a finding may in part reflect incorrect PZA susceptibility testing (31) . In our experiments, both the MGIT 960 analysis and the mutation analysis yielded identical results three times on separate occasions. Hence, measurement errors cannot explain these findings. Pyrazinamide resistance in a strain with wild-type pncA sequences can alternatively be explained by the presence of a pncA regulatory gene outside our reading frame or by pyrazinamide resistance mechanisms other than the effect on pyrazinamidase (31), such as the recent finding of mutations in the rpsA gene (21) .
In a recent meta-analysis, Chang and coworkers have summarized the value of pncA mutation in the diagnosis of pyrazinamide resistance (3). Similar to the results of our first experiments, they also found that DNA sequencing may strongly rule out pyrazinamide resistance in a low-prevalence (non-MDR) setting. Second, they concluded that in high-prevalence settings (31 to 89%), pncA mutations may reliably detect true pyrazinamide resistance. The prevalence of true pyrazinamide resistance among the 69 isolates with a first "resistant" MGIT result was 32% (16/69 isolates) (Fig.  2) , confirming the conclusion of Chang and coworkers that nonsynonymous pncA mutations can detect pyrazinamide resistance properly (Fig. 2) .
Based on our results, we propose an algorithm, depicted in Fig.  4 , to assess pyrazinamide resistance in routine clinical diagnostics.
After a first round of MGIT 960 testing, all isolates labeled resistant should undergo pncA gene sequence analysis. A nonsynonymous mutation has a positive predictive value of 100% for a true pyrazinamide-resistant isolate. If a synonymous mutation or a wild-type pncA gene is found, the MGIT 960 analysis should be repeated. Given the shorter turnaround time of mutation analysis, incorporating molecular methods has the potential of shortening the diagnosis of pyrazinamide resistance. It is to be seen if such shortening will optimize treatment for tuberculosis patients, especially for multidrug-resistant patients for which pyrazinamide susceptibility testing is essential (28) .
Using the diagnostic algorithm proposed in this study (Fig. 4) , we found 15 cases of pyrazinamide resistance in the Netherlands in a 2-year period ( Table 4 ). The total number of cases diagnosed with culture-confirmed tuberculosis in these 2 years was 1,504 (23) . The prevalence of pyrazinamide resistance among M. tuberculosis cases in the Netherlands was therefore 1.0%. Five out of 15 (33%) cases had MDR TB, which is significantly higher than the general prevalence of MDR TB in the Netherlands. Such higher prevalence of pyrazinamide resistance in multidrug-resistant tuberculosis is commonly seen (15, 17) . A relatively high number of Beijing genotype strains was seen because the Beijing genotype is associated with MDR TB in Europe (5). Three of 15 pyrazinamide cases found in this study were pyrazinamide monoresistant. Pyrazinamide monoresistance has been described previously (6, 7) but is rare. For instance, in a study from the United States, only 3 out of 1,916 isolates proved pyrazinamide monoresistant (7), which is a percentage comparable to our findings (3 out of 1,650 isolates). However, though repeated analysis yielded the same result, we cannot rule out that we made a systematic measurement error giving repeated false-resistant MGIT results.
A limitation of this study is the use of the MGIT 960 system as the gold standard. Though the proper gold standard for pyrazinamide resistance is not established yet, it is accepted that the Bactec radiometric method is probably most reliable (31) . We choose the MGIT 960 system as the gold standard since current metaanalyses suggest that the MGIT has comparable test performances and could therefore be used as reference drug susceptibility assay (3, 18) . Moreover, there is a legitimate concern about the disposal of radioactive waste when the Bactec radiometric method is used. Third, Bactec 460 machinery is phased out, and supplies will no longer be available, limiting the applicability of a diagnostic algorithm incorporating this method. Last, other candidates for the gold standard are scarce. The 7H10 agar-based testing methods are considered less reliable (14) . Susceptibility testing on solid Löwenstein-Jensen medium is acceptable according to some experts (31) but is not used for drug susceptibility testing in most laboratories in the Western world anymore. The Wayne method might be another alternative (3). However, the Wayne method requires a sufficient number of bacilli for detecting pyrazinamidase activity, making this test prone to false-positive resistance results, which was exactly what we tried to minimize in our diagnostic setup.
Though the MGIT can be regarded as a surrogate gold standard, this study confirms an earlier observation by others that the MGIT reports isolates as false positive for resistance (4, 16 (4) . False phenotypic resistance is caused mainly by a well-known difficulty in pyrazinamide susceptibility testing: the use of large inoculums. A large inoculum size increases the pH and thereby inactivates pyrazinamidase (13) . An alternative explanation for the high false resistance rate could be the use of a relatively low breakpoint in the MGIT (100 mg/liter) (3), thereby wrongly labeling susceptible or intermediately susceptible isolates resistant. Others have suggested that 200 mg/liter or 300 mg/liter would be a more appropriate resistance breakpoint. Because we wanted to stay close to routine practice, we choose 100 mg/liter as prescribed by the manufacturer (1) . Given the high rates of falsepositive results, a first notification of pyrazinamide resistance in liquid medium, such as the MGIT 960 system, should be interpreted with caution. We would recommend repeating the MGIT 960 test, giving special attention to the inoculum size and constitution. The present study highlights another possibility, namely, the use of mutation analysis as an adjunct to the MGIT 960 system as depicted in Fig. 4 .
This study focused on resolving concerns regarding the high false resistance rates of the MGIT. We did not look into possible false susceptibility results of the MGIT system owing to the fact that this is considered less of a problem when using the MGIT (18) . In our first experiments, however, we found four susceptible isolates carrying a nonsynonymous pncA mutation. Though several mutations have been identified in susceptible isolates, we cannot exclude that we made a systematic measurement error and that these isolates were in fact pyrazinamide resistant. We repeated analyses to minimize this error. We did not use the Wayne method to assess pyrazinamide activity to determine whether the mutations led to an impairment of pyrazinamidase activity, because at the time we undertook our study this assay was considered less sensitive for diagnosing pyrazinamide resistance (22) . Moreover, a large quantity of bacilli is mandatory for this assay, leading to falsely resistant results.
The issue underlying these aforementioned difficulties in interpreting pyrazinamide resistance testing is the paucity of adequate in vivo data. Although pyrazinamide has been available for 50 years, there are currently no studies published that linked in vitro pyrazinamide resistance to important in vivo clinical outcomes. There is some evidence that the treatment outcome is worse in the presence of initial resistance in general, but this is not specified for pyrazinamide (12) . The most important obstacles for sound clinical data are the technical difficulties and the limited standardization in drug susceptibility testing as described earlier.
Our proposed flow diagram may help in standardizing pyrazinamide resistance testing and may be used in future studies of clinical outcome. In summary, we have shown that a combination of MGIT 960 phenotypic pyrazinamide susceptibility testing and pncA mutation analysis provides a good predictor of pyrazinamide resistance in routine diagnostics. Nonsynonymous pncA mutations are able to differentiate between true-resistant and falsely resistant MGIT 960 results. Given the high number of false-positive results from phenotypic methods, our findings suggest that using mutation analysis improves and speeds pyrazinamide susceptibility testing. Based hereupon, we propose a diagnostic algorithm combining both phenotypic and molecular tests for the assessment of pyrazinamide resistance.
